Previous phases of experimenting with the Combined Experiment Rotor (CER) of the National Renewable Energy Laboratory (NREL) have provided test results from two constant-chord blade sets. The first blade set had no twist whereas the second had twist. As the next step, the design of a tapered/twisted blade for the CER was contracted out to the Department of Aeronautical and Astronautical Engineering of the University of Illinois at Urbana-Champaign. This blade design work consisted of a systematic trade-off study where many blade configurations were compared to determine how much the design constraints affected blade performance. Based on the results of the tradeoff study, a blade having a linear taper and nonlinear twist, and that uses the S809 airfoil, was selected as the new CER blade. An extended version of this blade was also designed for a two-bladed rotor configuration. 
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Summary
A tapered/twisted blade was designed to operate on the Combined Experiment Rotor (CER) of the National Renewable Energy Laboratory (NREL), which is a stall-regulated downwind wind turbine having a rated power of 20 kilowatt. The geometry of the new blade set was optimized based on annual energy production subject to the constraints imposed on the design. These constraints were mainly related to scientific needs for fundamental research in rotor aerodynamics. A trade-off study was conducted to determine the effect of the different design constraints. Based on the results of this study, which considered nonlinear twist and taper distributions as well as the NREL S809, S814, S822 and S823 airfoils, a blade having a linear taper and a nonlinear twist distribution that uses the S809 airfoil from root to tip was selected. This blade configuration is the logical continuation of the previous constant-chord twisted and untwisted blade sets and will facilitate comparison with those earlier blades. Despite the design constraints based on scientific needs, the new blade is more representative of commercial blades than the previous blade sets.
The new blade was designed to be applicable for three-and two-bladed rotor configurations. To enhance the performance of the new blade in a two-bladed rotor configuration instead of the baseline three-bladed rotor, an increase in blade span was investigated, which led to the design of an extended blade having a 10% increase in span. Furthermore, an increase in rotor speed was also investigated. A two-bladed rotor making use of extended blades and rotating at a speed 8% faster than the baseline speed or revolution per minute setting was found to yield comparable power output to that of the new blades in a three-bladed rotor configuration. Results for the CER equipped with the new blades (baseline and extended blades) in terms of mechanical power output, rotor thrust as well as lift coefficient and axial inflow distributions along the blade span are presented. Even though the new blades were designed for constant-speed operations, they can also be used for fundamental research in variable-speed operations. To facilitate the selection of the most appropriate rotor configuration for the NREL variable-speed test bed using the new blades, results showing the power coefficient as a function of the tip-speed ratio for various pitch settings are presented. Finally, recommendations for future blade sets for the CER are also given.
Introduction
The Combined Experiment Rotor (CER) of the National Renewable Energy Laboratory (NREL) has a diameter of 10.06 m (33 ft) and is composed of three blades. This rotor is mounted on a Grumman Wind Stream 33 horizontal axis wind turbine (HAWT), which is a stall-regulated downwind machine having a rated power of 20 kilowatt (kW) and operating at a speed of 72 revolutions per minute (rpm). 1 To date, two blade sets were tested with this wind turbine for fundamental research in rotor aerodynamics. The first blade set was composed of constant-chord/untwisted blades and the second set had constantchord/twisted blades. Both of these blade sets were built with a chord of 457 mm (18 in.) and used the NREL S809 airfoil along the entire span. In addition, one blade of each set was instrumented with chordwise pressure taps and a 5-hole probe at five spanwise locations, namely at 30%, 47%, 63%, 80%, and 95% span. These two blade sets were extensively tested and the results of those experiments can be found in Refs. 2 and 3.
The objective of this work was to design a third blade set for the CER having both taper and twist. In contrast with the two other blade sets, the blade geometry for the new set was to be designed for maximum annual energy production. Because of the need for fundamental research in rotor aerodynamics and practical aspects, constraints were imposed on the design. An important part of this work was to conduct a study of the design trade-offs to determine the effect of those constraints on the energy capture of the rotor. Another objective was to determine the necessary modifications to the blade geometry and operating rpm for a two-bladed rotor configuration. This report describes the approach and process used to design a tapered/twisted blade, and provides performance predictions for the CER equipped with the new blades. The performance of the CER equipped with the new blade set was also investigated under variable-speed operation.
Design Constraints
NREL provided the design constraints for the tapered/twisted CER blades. 4 Some practical constraints were imposed to facilitate the instrumentation of the new blades in a manner similar to the previous CER blade sets. Other constraints were imposed to ensure consistency with the previous blade sets for ease of comparison of the data. The design constraints for the tapered/twisted blades for the CER were as follows:
• A blade span of 5.03 m (16.5 ft) including a 102-mm (4-in.) tip shape for the baseline three-bladed rotor • A rated power of 20 kW • A cone angle of 3.4 degrees • Keep distance from pitch axis to the leading edge less than 584 mm (23 in.) so that the 5-hole probes do not hit the tower • A minimum chord of 305 mm (12 in.) to allow for the installation of pressure taps and instrumentation on the instrumented blade • A fixed chord length of 457 mm (18 in.) at 80% of the blade span for comparison of the pressure data with the previous blade sets • Use the S809 5 airfoil for as much of the blade span as possible to facilitate comparison with the previous blade sets • Transition to the S814 5 root airfoil from the S809 airfoil not to begin before 47% of the blade span.
Design Approach
The computer programs PROPID 6, 7 and PROPGA 7, 8 were used to carry out the blade design process. PROPID is an inverse design and analysis method for HAWTs that is based on the bladeelement/momentum theory PROP code. 9 The inverse design capabilities of PROPID allow for the desired performance and aerodynamic characteristics of the rotor to be prescribed from which the blade geometry and corresponding operating conditions are determined. In the present design work, the inverse design capability of PROPID was used to limit the mechanical power output of the CER to 20 kW. Also, the Prandtl tip-loss model was used and the Corrigan post-stall model 10 was incorporated into PROPID to modify the two-dimensional airfoil for three-dimensional effects.
11 PROPGA is a genetic algorithm based optimization method for HAWTs that relies on PROPID for the analysis of the possible blade/rotor designs. Given a set of design constraints/requirements, bounds for the parameters to be optimized, and a figure of merit (objective function) for the optimization, PROPGA provides the optimum blade geometry.
As a first and important step in the design process, the trade-offs between various blade configurations and airfoils were investigated to determine the effect of the design constraints on the energy capture of the rotor. For each blade configuration considered, the blade geometry was optimized for maximum gross annual energy production (GAEP) using PROPGA. Once the final blade geometry was selected, PROPID was used to finalize the blade twist distribution and pitch setting. Particular attention was given to obtaining smooth stall characteristics along the entire blade span. Following the design of the blades for the baseline three-bladed rotor, PROPID was also used to determine the necessary modifications to the blade geometry and operating rotor speed for a two-bladed rotor configuration. In addition, PROPID was used to provide performance predictions with greater accuracy under constant-speed and variable-speed operations.
Throughout the design process, the GAEP (assuming a 100% generator efficiency) was computed based on a Rayleigh wind-speed distribution having an average wind speed of 7.2 m/s (16 mph), which is representative of the windy months at NREL. Also, the power output of the rotor was computed up to a wind speed of 17.9 m/s (40 mph) using standard atmospheric conditions at the altitude of the National Wind Technology Center (1,829 m or 6,000 ft). The number of segments used along the blade span was 10 for a PROPGA run and 20 when using PROPID outside the optimization scheme of PROPGA. In predicting rotor performance, airfoil data obtained from wind tunnel experiments over a range of Reynolds numbers were used. To interpolate between Reynolds numbers, a logarithmic scheme was used for the drag and linear interpolation was used for the lift. Similar schemes were also used when necessary to extrapolate the data above the largest Reynolds number in the available data.
Design Trade-offs and Blade Geometry Optimization
The trade-off study was subdivided into a number of tasks that were defined by NREL. 4 The first two tasks were to optimize blades without any of the design constraints to provide a basis for comparison. The chord and twist distributions as well as the blade pitch were optimized for three sets of NREL airfoils: 5 • S809 from root to tip • S814 at the root (0%-35% span) and S809 at the tip (75%-100% span) • S823 at the root (0%-35% span) and S822 at the tip (75%-100% span).
For the two cases with multiple airfoils along the blade span, a linear transition was used between the two airfoils. The case with the S822 and S823 airfoils was added to the NREL task list because of the objective to maximize energy capture. These two airfoils were designed for small blades, and thus have design Reynolds numbers that are closer to the operating range of the CER as compared with the S809 and S814 airfoils, which were designed for medium-size wind turbines. It is important to note, however, that the S822 and S823 airfoils were designed after the first blade set for the CER was designed and built. The selection of the S809 airfoil was initially based on the need to use a well-documented airfoil and at the time of the design of the first blade set for the CER, the S809 airfoil had been extensively tested at the Delft wind tunnel.
12 For the second blade set, the S809 airfoil was used for consistency to provide a basis for comparison with the first blade set. The S814 airfoil was also tested in the Delft wind tunnel at a later time. 13 The airfoil data gathered with the S809 and S814 were used in the blade optimization process. For the S822 and S823 airfoils, the data used were obtained from the University of Illinois at UrbanaChampaign low-turbulence subsonic wind tunnel. 14, 15 The data sets for each airfoil used in the design process were for clean-surface conditions. Note that the data below a Reynolds number of 1,000,000 for the S809 airfoil, and below 700,000 for the S814 airfoil, were obtained from logarithmic extrapolations for the drag and linear extrapolations for the lift.
The results of the trade-off study are summarized in Table 1 . The blades optimized without any chord and twist constraints using the S809 airfoil with or without the S814 root airfoil provided equivalent energy capture, which was about 3% less than the GAEP of the blade making use of the S822 and S823 airfoils. This 3% increase in GAEP by using the S822 and S823 airfoils was not judged to be significant enough to offset the desire to preserve consistency with the S809 airfoil for the new CER blades. A thicker airfoil inboard having a higher maximum lift coefficient would, of course, provide a blade design more representative of commercial blades. Therefore, the S814 airfoil was further considered in the design.
Among the three blades optimized without any constraints, all had tip-chord lengths larger than 305 mm (12 in.). Therefore, the minimum chord constraint did not cause a loss in performance. It was found that constraining the blade to a linear taper was not significantly detrimental to the energy capture as long as the twist distribution was nonlinear. Consequently, a linear taper was adopted. The constraint that had the most significant negative impact on the energy capture was the 457-mm (18-in.) chord length constraint at 80% blade span, which resulted in a loss in energy capture that ranged from 2.5% to 7% depending on the tip chord. For a given set of constraints, the optimized blades that made use of the S814 airfoil inboard provided slightly better energy capture than blades using only the S809 airfoil.
Because of the importance of the 457-mm (18-in.) chord constraint at 80% of the blade span for comparison of pressure data with the existing blade sets, the planform of the new blades was designed around that constraint. Consequently, the design of the blade planform was oriented towards a more "scientific" blade rather than a "commercial" blade. Nevertheless, the new blades are more representative of commercial blades than the previous two blade sets. According to the selection of a planform based on scientific needs, it seemed logical to design the blades with only the S809 airfoil. Apart from the ease of comparison with the previous CER blades, there is no added confusion in the aerodynamics of modeling the 3D post-stall effects when only the S809 airfoil is used on the new blades. Also, there is no blending between airfoils, and thus the uncertainty level in the design process is reduced. Given a 457-mm (18-in.) chord at 80% blade span and the use of a linear taper, the design of the blade planform was reduced to the selection of the tip chord. For optimum energy capture, a 305-mm (12-in.) tip chord would have been best but because of the desire to operate the new blade set in a two-bladed rotor configuration, a rotor with a slightly larger solidity was selected. More precisely, a 356-mm (14-in.) tip chord appeared to be the best compromise between operating the blades in a three-bladed and twobladed rotor configuration. At the root, the chord tapers from a maximum of 737 mm (29 in.) at 25% blade span to the hub diameter at 14% span. The taper ratio of the baseline blade is 2.1 (29:14 in.). The planform of the proposed blade for the third set of the CER, which is later referred to as the baseline tapered/twisted CER blade, or simply the baseline blade, is shown in Figure 1 .
Using PROPID, it was found that increasing the blade span by 10% was a good compromise between enhancing the performance of the baseline blade in a two-bladed rotor configuration and limiting the increase in blade loads. The linear taper was preserved in extending the baseline blade, which gave a tip chord of 305 mm (12 in.). Figure 2 depicts the baseline blade with the 10% span extension. (Note that the x-axis extends to a r/R of 1.1, and R remains the span of the baseline blade). With the blade extension, the taper ratio of the blade is 2.4. The blade with the 10% increase in span is referred to as the extended tapered/twisted CER blade. The tabulated data for the geometry of the baseline blade including the 10% span extension is given in Appendix A. Both blade spans can be accommodated by the same mold having 110% the span of the baseline blade. The twist distribution and the pitch setting of the baseline blade were optimized for maximum GAEP. Particular attention was also given to obtaining a smooth power curve and smooth transition to stall from root to tip. The final twist distribution is shown in Figure 3 and the optimum pitch setting was 5 degrees (with pitch defined at 75% of the blade span). Finally, no new tip shape was designed for the new CER blades. Consequently, the same tip geometry used on the existing blade sets should be scaled down according to the tip-chord lengths of the baseline and extended blades. 
Performance Predictions
The power curve of the baseline tapered/twisted CER blade is shown in Figure 4a . As indicated in this figure, the baseline blade in a two-bladed rotor configuration can greatly benefit from a 15% increase in rotor speed (83 instead of 72 rpm). Although the new blades were designed for constant-speed operation, performance under variable-speed conditions was also investigated because of plans to use them on the NREL variable-speed test bed. 
Conclusions and Recommendations
A third blade set for the CER was designed based on an extensive trade-off study that was conducted to determine the effect of several design constraints on rotor performance. The results of this study led to the design of a blade having a linear taper and a non linear twist distribution that makes use of the S809 airfoil from root to tip. This blade configuration is the logical continuation of the previous blade sets and will facilitate comparison with those earlier blades. Even though the new blades were designed with many constraints based on scientific needs, the new blades are more representative of commercial blades than the previous blades. The new blades were designed to be applicable for three-and two-bladed rotor configurations. To enhance performance in a two-bladed rotor configuration, extending the blade span by 10% and increasing the rotor speed from 72 to 78 rpm were found to be beneficial. In fabricating the blades, it is recommended to use a mold with a length of 110% of the span of the baseline blade to accommodate both the baseline and extended blades. Although the new blades were designed for constant-speed operations, they can also be applicable for fundamental research in variable-speed operations. In the event that a fourth blade set for the CER would be built with the goal of designing a blade representative of commercial blades, the use of a more suitable root airfoil is strongly recommended. In this respect the S823/S822 airfoil combination would provide enhanced energy capture as compared with the S814/S809 combination. Notes: 1) A blade span of 5.030 m (198.0 in) corresponds to the baseline blade, whereas a span of 5.533 m (217.8 in.) corresponds to the extended blade. 2) The blade uses the S809 airfoil from root to tip.
3) The hub extends to the 28.5-in. station. From the 28.5-in. to the 49.5-in station, there is a linear transition from the hub to the S809 airfoil. The chord lengths in that region can be computed using the following equation according to the hub diameter.
where c is the chord in inches, HD is the hub diameter in inches, and r is the radial distance in inches as well. 4) The pitch is defined at the 75% blade station and the pitch axis is the 30% chord line. A pitch setting of 5 degrees is recommended for both the two-and three-blade rotors. Note that the twist at the 75% station is zero only in the case of the three-blade rotor. Fig. 4 Baseline 
